Continuous casting tundish RTD Ansys CFX EbFVM Inclusion removal a b s t r a c t Currently, the continuous casting process is the main route used in the integrated steelmaking process. The tundish is an essential component of the caster machine and plays an important role in the control of inclusion in the production of the clean steels. Thus, viable methodologies and predictive models to evaluate this metallurgical reactor efficiency are important technological allies to improve the clean steel production. The main goal of the present study is to develop a computational tool to analyze the turbulent fluid flow, temperature distribution and inclusions removal during the continuous operation of the tundish of an industrial facility to improve its internal configuration. New configurations using weirs and dams are proposed which improve the steel quality. We used the Ansys CFX ® software based on the element-based finite-volume method (EbFVM) to solve the coupled turbulent flow and heat transfer model equations in an Eulerian flame. A random nucleation mechanism for the inclusions generation and a modified Lagrangian model with a random walking model (RWM) to account for the effect of turbulence on the inclusions trajectories were proposed. The flow pattern was successfully validated with experimental data. The results were presented in terms of velocity and temperature fields and residence time distribution (RTD) curves. Then, the model was used to investigate new scenarios and enhanced geometry configurations. (J.A. Castro).
Introduction
Nowadays, the continuous casting process is the most used technique to produce semi-finished steel. To attain steel cleanliness, one of the most important devices employed in this process is the tundish reactor. In the last decades, the tundish Nomenclature C dimensionless concentration C D drag coefficient C p specific heat at constant pressure (J/(kg K)) C ε1 constant for k-ε turbulence model C ε2
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To increase the cleanness of the steel during the continuous casting process, researchers have carried out investigations using both experimental and numerical approaches, addressing the relevant aspects that govern the fluid flow and heat transfer into the tundish [1] [2] [3] [4] . However, experimental analysis has many drawbacks, such as high cost of equipment and less possibility to both change and analyze different scenarios. On the other hand, the numerical analysis of continuous casting processes allows the systematic investigation and optimization of the desirable features.
In this work, the tundish investigation will be performed through the Ansys CFX. Ansys CFX ® , which uses the Elementbased Finite-Volume Method (EbFVM), combined with an advanced solver and a pre and post-processing powerful tools. Also, finite-volume method is recognized as an approach that can guarantee local conservation of the physical quantities (mass, momentum, energy), a suitable feature for modeling the complex turbulent coupled flow within the tundish reactor [5] .
To minimize the inclusions at the tundish, flow control devices have been added to the tundish to control the flow pattern. They can promote flotation of the non-metallic inclusions [6] . Among the fluid flow modifiers, we can cite dams, weirs, stoppers rods, turbulence inhibitors, and gas injectors.
In the present study, we used dams and weirs to enhance the inclusion removal from the tundish. The weir can guarantee low intensity of turbulence at the slag layer; however, it cannot eliminate short-circuiting in a given tundish. Unlike the weir, the dam can eliminate short-circuiting completely; also, it has some others desired features such as the creation of surface directed flows, the increase in the mean residence time, and the trap of higher turbulent velocity values at the inlet region [2] .
To characterize the fluid flow into the tundish, a specific model must be applied with the information for each fluid element available by the residence time distribution (RTD) curve. This distribution curve is originated from the fact that some fluid element spends more time within the tundish than others [6] . In the present study, we used the combined or mixed model [2] . This model divided the whole fluid volume of the tundish in three volumes: dispersed plug flow volume, wellmixed volume, and dead volume.
Kemeny et al. [7] performed an experimental work of tundishes with and without flow modifiers. The authors investigated optimized locations for dams and weirs based on RTD curves. By modifying the shape of the tundish (T-deltashaped) and applying just a single barrier, Wollmann et al. [8] observed an increase in the mean residence time; they also addressed ways to eliminate the short-circuiting. Chao Chen et al. [9] studied the inclusion deposition at the steel-slag interface using two tundish designs for different parameters (size of inclusions, steel-slag interfaces, and absorption conditions). The results showed that the tundish with weir and dam exhibited better performance for larger inclusions, while the bare tundish performed better for smaller inclusions. Ning Ding et al. [10] applied physical modeling using the Fluent ® CFD software to optimize a tundish with dams and weirs. However, based on their results of velocity and concentration fields, and using RTD curves, they observed an increase in the minimum residence time of about 40%, a decrease in the dead volume of 72%, and also a reduction in the inclusion area ratio of casting slabs by 32%.
Although the fluid flow has a large impact on the inclusion removal of the tundishes, the temperature also has a significant role in this process; therefore, the latter cannot be neglected. Also, as turbulence is decreased from inlet to the bulk fluid region, buoyant forces become predominant in these regions, and hence natural convection promotes the flotation of non-metallic inclusions [11] . The non-isothermal behavior of molten steel into the tundish may cause significant changes in the mean residence time, temperature distribution, and inclusion movements [12] . Alizadeh et al. [13] carried out a steady state water modeling analysis under non-isothermal conditions in a twin-slab-strand continuous casting tundish. Their results showed that RTD curves were completely different under isothermal and non-isothermal conditions. They explained the difference due to the presence of mixed convection phenomena in the non-isothermal tundish. De Kock [14] performed both a plant trial and a water model study in conjunction with numerical analysis in various types of tundishes. He aimed to obtain RTD curves as well as temperature distribution in non-isothermal tundishes to achieve an optimum design for each configuration. One of his results using weir and dam configuration was the minimization of the dead volume and the maximization of the inclusion removal into the tundish.
Generally, tundishes without any flow modifiers allow strong boundaries effects, and hence the spatial temperature becomes nonuniformly. When adding some kind of flow control, the heat loss is reduced, and then the temperature field must become more uniform [15] . Raghavendra et al. [16] studied the influence of thermal induced flows for inclusion flotation. The well-known open source CFD code, Open-FOAM, was used for modeling inclusion path in a four-strand asymmetric billet caster tundish. They obtained different fractions of removed particles when comparing isothermal and non-isothermal cases. Sowa [17] performed a numerical investigation of some flow devices considering the changes of thermophysical properties with the temperature. It was concluded that the velocity of the molten steel has a significant influence on the temperature field because the motion near the slag layer causes the formation of dead zones and local temperature drop.
As the inclusions are particles with distinguishable mass, they are elements that can be followed to analyze their behavior into the computational domain. For this case, the Lagrangian analysis can be applied to describe the nonmetallic inclusions paths. Miki and Thomas [18] evaluated the influence of the Random Walk Model (RWM) in the trajectory of inclusions. They concluded that the chaotic fluctuation due to the turbulence enhances the flotation of small inclusions. On the other hand, this random motion also causes particle collisions, then promoting a decrease in the fast removal of large inclusions.
In the present study, we propose a comprehensive mathematical model and numerical analysis of the fluid flow and temperature fields into an actual tundish configuration. Additionally, we newly propose a both Eulerian and Lagrangian approaches for modeling the inclusion generation, motion capture based on a random noise inclusion to account for the turbulence effects on the trajectories. The turbulence quantities were calculated using the k-ε and SST models.
Model formulation
Herein, we present the equations used to model the fluid flow and heat transfer into the tundish, as well as, the turbulence model employed to evaluate the turbulence quantities. We also show the tracer concentration equation and the Lagrangian equation to obtain the fraction of particles at the slag cover. The fluid flow into the tundish was treated as a 3D turbulent and incompressible fluid flow. Constant values of the physical properties for steel and water were used to model the molten steel into the tundish for both isothermal and non-isothermal cases. The AISI 1025 steel properties were used for the non-isothermal simulations [14, 19, 20, 28] .
The slag layer was assumed to be flat and had a constant bath height. Furthermore, the secondary reaction in both slag layer-air and slag layer-molten steel interface was neglected. The heat loss due to radiation and convection were incorporated in heat fluxes at slag layer as well as for the lateral and bottom walls of the tundish, whereas the dams and weirs were assumed to be adiabatic. The effects of collision, coalescence, and reoxidation of particles as well as sticking to the walls are not accounted for the Lagrangian analysis. Also, spherical particles with a specified diameter and having a constant density of 4000 kg/m 3 are employed. The tracer is treated as a passive scalar, meaning that its path throughout the tundish does not influence the flow field.
Continuity and momentum equations
The continuity and momentum equations after averaging the continuity and momentum equations and using the Boussinesq eddy-viscosity approximation to relate the Reynolds stresses to the strain rate of the mean motion are given by:
where is the fluid density, U j are the velocity components, p is the pressure, ref is a reference density, g is the gravitational acceleration, T is the temperature, T ref is a reference temperature, and eff is the effective viscosity, which is defined as:
where is the dynamic viscosity and t is the turbulent viscosity.
For modeling turbulence quantities, the k-ε model, as well as the SST model, was used, thereby two additional variables were introduced to the previous system of equations.
k-ε turbulence model
The k-ε model assumes that the turbulence viscosity is related to the turbulence kinetic energy k and the turbulence eddy dissipation ε by the following relation:
where the values of k and ε are calculated by the two following transport equations:
where C , C ε1 , C ε2 , k , ε are constants taken from Launder and Spalding [20] and P k is the turbulence production owing to viscous forces. The equations for the turbulence model SST (shear stress transport) can be found elsewhere [19,21,23].
Tracer convection-diffusion equation
To obtain the RTD curve, it is necessary to solve the tracer diffusion equation that is given by:
where C is the tracer concentration and D eff is the effective kinematic diffusivity, which is defined as:
where D is the kinematic diffusivity and S c is the turbulent Schmidt number.
Thermal energy equation
Neglecting the radiative and viscous dissipation effects for incompressible flow, the energy equation in terms of enthalpy (h) is given by:
where the effective thermal conductivity (k eff ) is defined in terms of the thermal conductivity (k), the specific heat at constant pressure (C P ), and the turbulent Prandtl number (P rt ) by:
Particle tracking model
Each non-metallic inclusion is treated as a small number of particulates immersed in the fluid domain (Lagrangian modeling). In this formulation, particle tracking is performed through a force balance, acting in each particle. Applying a force balance on each particle and accounting for only drag and buoyancy forces, since they represent the main forces on the particles [24] , the inclusion path can be described as:
where m p denotes the mass of the individual particle and U p represents the components of the velocities of the particle, meanwhile U represents the liquid local velocities components. The first term on the right-hand side considers the aerodynamic drag forces, where the drag coefficient C D is given by:
and the particle Reynolds number is defined as:
The second term on the right-hand side in Eq. (11) accounts for the buoyancy force. To simulate the random effect of 
Boundary and initial conditions
At the inlet, we prescribed the normal velocity, temperature, and turbulence intensity as 3.57 m/s, 1823 K and 5%, respectively. For Lagrangian analysis, particles were injected uniformly with the same velocity of the fluid. At the outlet, the pressure was prescribed (0 Pa), and null normal gradient for all other variables was used. No-slip wall condition, as well as wall functions, was also applied. For the non-isothermal analysis, a prescribed flux of 9000 W/m 2 was set for all walls of the tundish, except for dams and weirs, which were considered to be adiabatic [14] . For modeling the free surface of steel bath, free-slip wall condition was prescribed, and flux of 18,000 W/m 2 was applied [14] . It is worth to mention that the heat losses which were considered through the slag layer and the other walls were a combination of radiation and convection heat transfer. To take advantage of the symmetry of the tundish, only half of the tundish configuration was simulated, and hence at symmetry plane values of the normal velocity component as well as normal gradients to the boundary were set to zero. The flow field obtained from the steady-state analysis was used for solving both the Lagrangian tracking equation and transient tracer advection-diffusion equation to obtain the number of particles removed at the slag layer and RTD curve, respectively. As an initial condition, we set the tracer concentration equal to zero. Null gradient boundary conditions for all tundish regions were applied, except for the inlet region, where a pulse tracer injection was prescribed.
Numerical features and parameters

Physical and operating parameters for all cases
Three validation case studies were analyzed in the present work. Table 1 shows the physical and operating parameters for all validation case studies. Validation case I is an experimental work of Kemeny et al. [7] , validation case II is an experimental work of Wollmann [8] , and validation case III is a numerical work of Daoud [25] . The latter work used the same geometry and operating parameters of Wollmann [8] . In addition, three new case studies were performed, namely, case I (actual bare tundish), case II (tundish with dam), and case III (tundish with dam and weir). Fig. 1 shows the computational domain for case III. In addition, an unstructured mesh for the same case, which is composed of tetrahedral and prism elements, is also depicted in the same figure. Table 2 shows the operating physical parameters for the actual tundish configuration (case I) in addition to the proposed changes in tundish geometry by adding dam (case II), and dam and weir (case III).
Solution procedure
In ANSYS CFX, the mass and momentum equations are solved coupled for pressure and velocity components using the Element-based Finite-Volume Method (EbFVM). After solving the aforementioned variables, the turbulence model and energy equation are solved using a segregated approach. After the velocity and pressure fields reach the steady-state regime and for non-isothermal simulation, the energy equation does the same, the concentration equation, as well as the inclusion trajectory equation, is solved to obtain the tracer behavior into the tundish and the particle trajectory, respectively. The algebraic system of linear equations obtained after discretization is solved by using an algebraic multigrid methodology called the additive correction multigrid method [21] . Convergence was achieved when the root-mean-square (RMS) residuals were equal or smaller than 10 −5 for mass, momentum and turbulence equations, and 10 −6 for tracer advective-diffusion and energy equations.
4.
Results and discussions
Independence tests for the grid, time, and number of injected particles
Independence tests for the grid, time, and a number of particles injected at the inlet were performed for each case study. By taking advantage of the geometry symmetry only half tundish is chosen for all simulation cases, except for the validation of case I, where a quarter of the geometry was used due to the presence of two symmetry planes. A mesh refinement study based on mean residence time, well-mixed volume, and dead volume is employed for all case studies. In this study, six types of non-uniform meshes composed of tetrahedral and prism elements were used, assuming a range of number of nodes varying from 4000 through 120,000. In Fig. 2 , a mesh refinement study for case I using the SST model is shown.
From the results presented, it can be concluded that for meshes with more than 41,000 nodes the mean residence, well-mixed volume, and dead volume do not show any significant variation; therefore, the number of nodes chosen for case studies I, II, and III are equal to 64,000, 65,000, and 66,000, respectively.
A study of timestep convergence on the RTD curves for all case studies is also performed. Four different timesteps, ranging from 10 s through 0.01 s, were evaluated. Fig. 3 presents a timestep convergence study for case study II using the SST model.
Since the difference between the RTD curves with timesteps of 0.01 and 0.1 s were relatively small and aiming to avoid excessive computational time, we adopted the timestep of 0.1 s to represent all case studies presented in this work.
An independence test to quantify the total amount of particles, which simulates the non-metallic inclusions inserted at the inlet of the tundish region was performed for all case studies. Particle diameters of 5, 50, and 100 were employed, and a number of particles ranging from 20 to 10,000 particles were also employed for each particle diameter. For Lagrangian analysis, only the situation with the insertion of the Random Walk Model (RWM) was evaluated. The fraction of removed particles at the slag layer for case III, with the RWM, is presented in Fig. 4 .
It can be concluded that the difference between the fraction of removed particles at slag layer with 1000 and 10,000 particles was minor; therefore, once again to avoid the excessive computational time, we chose 1000 particles to represent all case studies presented in this work.
Validation case I
Validation case I was performed by comparing the present work using two turbulence models with the experimental work of Kemeny et al. [7] . This validation was made by comparing the minimum and mean residence time from the present work and the experiments of the aforementioned work. The results are presented in Table 3 . As Daoud [27] performed the same analysis, we also present the numerical results obtained by him to further enhance the validation. The results showed an acceptable agreement (from the engineering viewpoint) with both physical and numerical modeling from the literature. When comparing the efficiency between the two turbulence models, both of them showed similar results. While the k-ε turbulence model presented closer values for the minimum residence time, the SST turbulence model pointed out a better approximation for the mean residence time.
Validation case II
The validation case II was performed by comparing the numerical results of this work using two turbulence models with the experimental work of Wollmann [8] . For this validation case study, we compare the RTD curves as well as the minimum and mean residence time from the present work with the experimental results of Wollmann [8] . The results are shown in Fig. 5 .
As it can be seen from Fig. 5 , both turbulence models showed an acceptable agreement with the experimental work from the literature. Again, by comparing the accuracy between the two turbulence models, both of them showed similar results. However, if we carefully analyze the RTD curves for the central exit nozzle, the SST turbulence model showed better adjustment for the concentration peak. Therefore, for this T-delta-shaped tundish, the SST turbulence model seems to be a better choice for characterizing the turbulence quantities.
Finally, it is worth mentioning that despite of both turbulence models were able to predict the concentration peak of the RTD curves, they showed difficult to capture it properly in the RTD for the lateral exit nozzle. Table 4 compares the minimum and mean residence time extracted from the RTD curves showed in Fig. 2 . The results from Daoud [27] were also included to enhance the validation. Herein, the results from the present numerical simulation using both turbulence models predicted both minimum and mean residence time with good accuracy, when compared with experimental and numerical results from the literature. Again, when comparing the efficiency between the two turbulence models, both of them showed similar results. Therefore, taking into account these two characteristic times, both turbulence models can be used for representing the fluid flow into the investigated tundish.
Validation case III
For validating the Lagrangian analysis, the SST turbulence model was used. For this validation case, the path of the particles, which simulate the non-metallic inclusions traveling into the tundish is tracked. Tw o different cases were considered. The first one does not take into account the turbulence dispersion; the second, on the other hand, takes into account the use of the Random Walk Model (RWM) to simulate the chaotic effect of the turbulent eddies on the inclusion path. Fig. 6 presents the total amount of removed inclusion at the slag layer. Fig. 6(a) does not consider the use of the RWM, whereas Fig. 6(b) presents the results by adding the RWM. From Fig. 6 , it is clear that when the RWM is used more inclusions can be removed. Finally, the numerical results showed an acceptable agreement for both cases.
Considering that the results presented an acceptable agreement with both experimental and numerical analysis for all validation cases, and that the discrepancy between the comparisons can be attributed to some assumptions and the inherent deviation of the numerical studies from experimental ones, the methodology can be employed for the analysis of the actual tundish of a local steelmaker company. In addition, as both turbulence models presented similar results when the methodology was validated, we chose the SST turbulence model for the other numerical simulations.
Case studies for isothermal analysis
After validating the numerical methodology, the continuous casting tundish employed at a local steelmaker company was studied (case I -bare tundish). Furthermore, two more cases were performed to try to ameliorate the steel quality (case IItundish with dam and case III -tundish with dam and weir). Fig. 7 shows the predicted velocity fields at different planes for the three case studies. For the sake of visualization, the figures depicting the inlet and outlet longitudinal planes show only half of the tundish. When we consider the actual tundish configuration (case study I), we can see in Fig. 7 (a) , at the inlet longitudinal plane, that a high turbulent jet from the inlet reaches the bottom of the tundish and spreads toward the outlet region. Once there is no baffle for this case, this spreading goes directly to the outlet region, which will probably cause the appearance of short-circuiting flow and the presence of inclusions at outlet nozzles. From the set on the middle of the Fig. 7 , when we add dams to the actual tundish (case study II), the turbulence is confined at inlet regions, and the flow modifiers do not allow the incoming fluid to go directly to the outlet region. Moreover, by adding dams, recirculating zones appear in the same region, and this fact may improve the mixing extent, which may also lead to a better homogeneous mixture to the final product. However, these recirculating zones may also cause a decreasing in mean residence time and dispersed plug flow volume. When weirs are added along with dams (case study III), similar conclusions verified to the case with only barriers are observed (see, for instance, Fig. 7(g)-(i) ). In addition, as one can see in Fig. 7 (i) higher values of mixing extent may appear, owing to the presence of high-velocity values at the inlet transverse symmetry plane. Finally, by comparing the magnitude of the velocity vectors at the outlet region, one can conclude that the insertion of flow modifiers decreased these values, which allows the flow to be more quiescent and does not carry inclusions for the following stages of the process. Fig. 8 shows the RTD curves for three case studies investigated, where they are confronted with each other to obtain a better configuration for improving the steel quality. This may be achieved by offering high values for both minimum and mean residence time.
Flow field for the three case analysis
RTD parameters for the three case studies
For case I, a higher initial concentration peak is observed. This characterizes the existence of short-circuiting volume, which promotes the carrying of non-metallic inclusions toward the exit nozzles and then affecting the final steel quality. Also, this concentration peak appears early, which may carry inclusions from the inlet nozzle directly to the outlet nozzles. In addition, it is observed that once flow control modifiers are introduced, this undesirable volume drastically decreased; with the addition of weirs, this undesirable volume almost vanishes. Also, the absence of short-circuiting can be visualized as the C-curves present a significant displacement when the three cases are compared, indicating that the first fluid elements are spending more time into the vessel until they exit the tundish, which promotes an increase in the minimum and mean residence time.
The results presented in Table 5 corroborate the previously observed results. From this table, we can observe that both minimum and mean residence time for fluid elements into the tundish increase when the flow modifiers are added, which is very important for steel cleanliness once inclusions have more time to float out, and consequently the inclusions can be captured by the slag layer.
Furthermore, to improve the steel quality, dead volume needs to be minimized, dispersed plug volume maximized, and well-mixed volume is kept in a suitable value [3] . Table 6 shows that these requirements have been achieved as long as one makes use of the flow modifiers. As expected, a better performance was achieved for the case study III, where the combination of dams and weirs showed the best efficiency. Hence, the use of flow control devices has been justified.
The use of the Random Walk Model (RWM) to simulate the chaotic turbulent effects is considered to be more representative of the turbulent state in an actual tundish [25] . As a result, all the results shown next were performed by taking into account the RWM. Fig. 9 shows the fraction of captured inclusions at the slag cover as a function of a range of particle diameters.
From Fig. 9 , it is clear that the larger the diameter of the inclusions is, the higher is the efficiency of the inclusions removed. This was already expected since inclusions with large diameters tend to be more susceptible to float out and to be captured by the slag layer through buoyancy force mechanism. Also, for the whole range of inclusion diameter, the addition of flow control devices enhances the inclusion removal at the slag layer. The combination of dams and weirs shows the best efficiency with all particle diameter, except with the largest particles, where the configuration with just dams had a better performance.
Case studies for non-isothermal analysis
As previously mentioned, for all cases, the SST turbulence model was used.
4.6.1. Temperature field for the three case studies Fig. 10 depicts the temperature distribution in specified planes of the investigated tundishes. From Fig. 10(a) -(c), the case study I, it can be seen that the hottest molten steel is concentrated at the inlet region, while the bulk fluid region presents regions of lower liquid steel temperature. This can be considered a favorable situation to promote fluid homogenization. Furthermore, the coolest molten steel occurs at the corner of the tundishes, where dead regions are also present. This is an undesirable situation since the more the molten steel stays in these regions, the more is the chance to the liquid steel solidifies into the tundish and not be carried to the molds. Fig. 10(d )-(f) shows the temperature profiles at different planes for the case study II. From the figure it is noticeable that by inserting dams, the hottest molten steel is concentrated in a broader region than it was for the case study I. This situation favors the mixing of the hot inlet jet provided by the ladle and the existing fluid into the tundish. However, by adding dams it is created cooler regions behind them, and also cooler regions are increased at the inlet of the transversal symmetry plane. Fig. 10 (g)-(i) presents the temperature field for the case study III. From this figure, by inserting weirs, the inlet region increases the concentration of the hottest molten steel. In addition, cooler regions presented at corners and behind dams seem to be reduced significantly.
RTD parameters for the three case studies
The RTD curves for all the non-isothermal cases as wells as the characteristic times and volumes are presented in Fig. 11 , Table 7 , and Table 8 , respectively. As we can see from these results, there is no significant difference between the results achieved with isothermal and non-isothermal studies. Therefore, similar considerations can be drawn for both analyses, and for the sake of simplicity, they will not be repeated here. Also, the results obtained in the present work did not present expected differences when comparing some aspects of both isothermal and non-isothermal simulations, for instance, different RTD curves [14] . However, this fact may be attributed to the fact that the tundish volume employed by Alizadeh et al. [13] was about twice larger than the tundish employed in the present work. Fig. 12 shows the fraction of removed inclusions at the slag layer for the non-isothermal case.
Lagrangian analysis for the three case studies
Unlike the Eulerian analysis for the isothermal and nonisothermal case, the Lagrangian analysis showed different results when comparing the number of particles removed at the slag layer. As expected, the presence of buoyancy forces increased the removal of non-metallic inclusions. Also, considering small particles, the case study III appears to be the best configuration to adopt, whereas for large particles, namely, particles with diameters of 75 and 100 m, the case study II presented a better efficiency of removal. The results showed here are by the work of Miki and Thomas [18] .
Conclusions
In the present work, a methodology has been developed able to determine optimal configuration, which enhances the steel cleanliness in an actual steel continuous casting tundish plant. The results using the model approach presented a good agreement with experimental data, validating the calculations, and allowing further scenarios investigation. Based on the analysis, the flow control devices inserted into the actual tundish operation enhanced the reactor operation by increasing the minimum and mean residence time, allowing for increasing the cleanness of the steel. Furthermore, considering the Lagrangian analysis, the fraction of removed inclusions at the slag covering layer increased with the use of these flow modifiers.
Therefore, the use of such flow control devices provides an efficient and reliable way to promote inclusion flotation toward the slag layer to capture and remove them and consequently promotes the enhancement of steel cleanliness.
Finally, by confronting all case studies, we indicated that by simply adding dams the steel cleanness can significantly be enhanced and for some specific cases analyzed this simply addition showed better performance when compared with the introduction of dams in conjunction with weirs. Nevertheless, in general, better flow pattern and inclusion remotion rates are obtained by combining dams and weirs (case III).
